Abstract The regulation of proton transport and cytosolic pH was studied in rat papillary collecting duct (PCD) cells in culture using a pH-sensitive fluorescence probe, 2,7-bis-carboxyethyl-5,6-carboxyfluorescein (BCECF). Data were obtained from confluent monolayers grown on glass coverslips and dipped in a HC03 --free medium, pH 7.40. The resting intracellular pH (pHi) was 7.16 + 0.03 (n = 20). When PCD cells had been acidified by pretreatment with NH4C1, pHi immediately recovered toward the resting value. Two mechanisms participated in this recovery: a Na + -dependent mechanism which could be inhibited by amiloride (indicative of Na+-H+ exchanger) and a Na+-independent process (a proton ATPase). The pHi recovery from acid loading was inhibited by amiloride to about 55% of the control recovery (half maximal effect at 100 µM). The rate of pHi recovery after the readdition of Na+ to a sodium-free medium exhibited saturation kinetics (half maximal rate at 28 mM). Dicyclohexylcarbodiimide (DCCD), an inhibitor of a plasma membrane proton ATPase, and the depletion of cellular ATP induced by 2 mM potassium cyanide (KCN) also partially inhibited the rate of pHi recovery after cell acidification with a NH4C1 load. When PCD cells were treated with 1 mM DCCD, amiloride almost completely inhibited pH, recovery. Amiloride and the removal of external Na+ had induced a gradual fall in pHi to a new resting value and rapidly recovered when Na+ was added. We conclude that PCD cells grown in culture have at least two proton transport mechanisms: a Na+-H+ exchanger and a plasma membrane proton ATPase. The kinetics of these processes can be reliably assessed by the pH-sensitive fluorescent probe, BCECF. Both the Na+-H+ exchanger and the plasma membrane proton ATPase may contribute to urinary acidification.
The kidney maintains acid-base homestasis of the body by regulating the excretion of hydrogen ion into the urine. The distal nephron is important in the final determination of urinary acidification (ALPERN et al., 1985; KOEPPEN et al., 1985; STEINMETZ, 1985; GOTTSCHALK et al., 1960) . It is well known that the acidification occurs in several distinct distal nephron segments including the distal covoluted tubule, and the connecting tubule, the cortical collecting tubule, and the medullary and papillary collecting ducts (MCKINNEY and BURG, 1977; LUcci et al., 1982; LASKI and KURTZMAN, 1983; LOMBARD et al., 1983; STONE et al., 1983) . Recently, direct evidence of hydrogen ion secretion has been obtained by studies conducted in segments of the rabbit and the rat collecting system by in vitro microperfusion (MCKINNEY and BURG, 1977; LASKI and KURTZMAN, 1983; LOMBARD et al., 1983; STONE et al., 1983) or by using a pH-sensitive dye in suspended cells (ZEIDEL et al., 1986) . The capacity of proton secretion shows segmental differences in the collecting ducts. The cortical collecting tubule from the rabbit possesses a low capacity for acidification (MCKINNEY and BURG, 1977; LASKI and KURTZMAN, 1983; LOMBARD et al., 1983) . The outer medullary collecting tubule from the rabbit and rat secretes proton at a higher rate (LASKI and KURTZMAN, 1983; LOMBARD et al., 1983; STONE et al., 1983; ATKINS and BURG, 1985) . Although recent data also support the existence of an ATP-dependent proton secretion in the outer medullary collecting duct of the rabbit examined by a pH-sesitive dye in cell suspensions in vitro (ZEIDEL et al., 1986) , the mechanisms of proton secretion in the collecting system remain unclear.
Little information is available on the acidification of urine in the papillary collecting ducts. In the rat, in vivo experiments using the techniques of capillary microperfusion and simultaneous luminal stop-flow microperfusion of the inner medullary collecting duct had led to conflicting results, suggesting that there is either tight linkage between Na+ and H+ transfers amounting to 20% of total Na + reabsorption (ULLRICH and PAPARASSILOU, 1979) , or no linkage between the two ion transfers (ULLRICH and PAPARASSILOU, 1981) . On the other hand, recent data from cell suspensions suggests that H + is actively secreted into the lumen via primary H+ pump in the rabbit papillary collecting ducts (PRIGENT et al., 1985) .
The purpose of our experiments was to determine whether a Na+-H+ exchange or a plasma membrane proton ATPase play a role in transmembrane H+ transport and intracellular pH regulation in cultured papillary collecting duct cells from the rat.
MATERIALS AND METHODS
Isolation and culture of rat renal papillary collecting ducts. Tissue was prepared by a modification of the methods of GRENIER et al. (1981) . In brief, male sprague-Dawley rats were anesthetized with pentobarbital (30 mg/kg BW). Kidneys were removed using sterile technique and placed in ice-cold phosphate buffer, pH 7.4, containing 50IU/ml penicillin and 50 µg/ml streptomycin. Papillae were then dissected from 6-12 kidneys and pooled, finely minced with a sterile razor blade, and then incubated in 10 ml of 0.1 % collagenase in Krebs-Ringer buffer for 60-90 min at 37°C in a 5% CO2 atmosphere. After incubation, 2 vol sterile distilled water was added to lyse cells other than collecting tubule cells. The tissue was then pelleted by centrifugation for 5 min. Next, the pellet was resuspended in a mixture 1:1 vol/vol of Ham F-12 and DMEM, buffered with 10 mM HEPES at pH 7.4 supplemented with 10% fetal bovine serum (FBS), 5,ug/ml insulin and human transferren, 5 x 10 -8 M hydrocortisone, 5 x 10-12 M triiodothyronine, 200 mg/ml NaHCO3, 50 IU/ml penicillin, and 50,ug/ml streptomycin. The tissue was seeded on glass coverslips culture dishes (Falcon Labware, Div. of Becton-Dickinson & Co., CA). Cells were kept under a 5% CO2 atmosphere at 37°C. After 24 h, the cells were fed the same medium but containing only 1 % FBS. Experiments were performed at 72-96 h in a confluent state (Fig. 1) .
Determination of intracellular pH (pH;). Intracellular pH was determined using pH-sensitive dye of 2,7-bis-carboxyethyl-5,6-carboxyfluorescein tetraacetoxymethyl ester (BCECF-AM). Cells grown on glass coverslips were incubated for 60 min at 37°C with culture medium without FBS containing 5 /1M BCECF-AM added from stock solution in 1 % dimethyl sulfoxide (DMSO). After washing, BCECF-loaded monolayers were transferred into a cuvette containing 2 ml of HCO3 --free Ringer (composition in mM: NaCI 130, KCl 5, CaClz 1, MgClz 1, KH2PO4 2, HEPES 10, and glucose 5, pH 7.4) and maintained at 37°C by a water flow heat pump. The medium in the cuvettes was stirred during experiments. The monolayers were rotated into a position such that the incidence light passed through the coverslip at a 45° angle before reaching the cells. Monolayers remained in a fixed position with a cuvette so that the same cells were studied throughout the experiment. Fluorescence intensity (FT.) of BCECF was determined at an excitation Vol. 39, No. 3, 1989 wavelength (Ex) of 500 nm, an emission wavelength (Em) of 530 nm, and slits of 5 and 20 nm, respectively, using a (CA-550, Japan Spectroscopic Co., Tokyo) fluorescence spectrometer. In addition, we also monitored the F.I. of BCECF using an Ex of 500 and 450 nm, and an Em of 530 nm with a fluorescence spectrometer Shimadzu RF 5000. We found in preliminary studies that at an Ex of 450 nm the F.I. of BCECF is relatively insensitive to pH changes. The F.I., however, was sensitive to changes in concentration of BCECF, at Ex of 500 nm. We found no essential differences of pH change between using single Ex of 500 nm and the ratio of two Ex of 500 and 450 nm (Fig. 2) . The F.I. was calibrated to yield pH; by the following protocol. At the end of the experimental procedure, pH; and the outside pH (pH0) were equilibrated by permeating the cells with 100 ,UM digitonin added to the incubation solution. The solution was then titrated with either 1 N HCl or 1 N NaOH over the range of fluorescence values obtained during the experiment. By measuring the pH of the solution after each addition of acid, a calibration curve Japanese Journal of Physiology 
RESULTS

Morphology of papillary collecting duct cells in primary culture
Figure 1 is a phase-contrast micrograph of papillary collecting duct cells grown in primary culture. They demonstrate a homogeneous polygonal shape.
The pHi recovery from acid load
The resting pHi of PCD cells in a bicarbonate-free medium was 7.16 ± 0.03 (n = 20) at an extracellular pH (pH0) of 7.40. The regulation of pHi was investigated by imposing an acid load on the cells using the NH4Cl prepulse technique (Roos and BORON, 1981) . The sudden addition of 30 mM NH4C1 leads to an intracellular alkalization by nonionic diffusion of NH3. When sufficient NH4+ accumulated in the cell, subsequent removal of extracellular NH4Cl led to an overshoot in intracellular acidification. From the acidic pH, status, the cells started to extrude acid equivalents, shifting the pHi toward more alkaline values (Fig. 2 ). This pHi recovery was dependent upon temperature (data not shown).
Effect of amiloride on pHi recovery from acid loaded PCD cells To determine whether a Na+-H+ exchanger might participate in the pHi recovery from acid-loaded PCD cells, amiloride, an inhibitor of Na+-H+ exchange in various cell types, was added (Fig. 3) . The pHi recovery rate was partially inhibited by 1 mM amiloride to 54.0±5.7% of the control recovery (control: d pH = 0.072 ± 0.007 pH units/min, n = 7; amiloride (1 mM): A pH = 0.034 ± 0.007 pH units/min, n = 4, p <0.001). The inhibitory effect of amiloride was dose-dependent, half-maximal inhibition (K0 .5) of the recovery rate being observed at about 100 µM (Fig. 3C) . After the removal of amiloride, pHi did not recover immediately. This results suggested that the inhibitory effect of amiloride might be irreversible; however, pHi recovery after acid load was observed in the same cells after 30 min from the removal of amiloride. Although amiloride by itself induced a fall in resting pH;, this acidification did not recover even after the removal of amiloride (Fig. 3D) .
Effect of Na+ removal on pH; recovery from acid loaded PCD cells Na+-H+ exchange activity and hence the rate of pH; recovery from an acid would be expected to depend on the external Na+ concentration ([Na+]e (Fig. 4) . In Na +-free medium replaced by BDA +, pH; recovery was partially blocked at 53.8 ± 6.1% of control recovery (control: dpH = 0.077 ± 0.003 pH units/min; 0 mM Na + : dpH = 0.028 ± 0.007 pH units/min, p <0.001, n = 6). After pH; recovery was saturated in Na+-free medium, we changed the medium from Na+-free to 130 mM Na+ medium. Interestingly, the pHi recovery restarted (Fig. 4B) . This result suggests Japanese Journal of Physiology that PCD cells possess at least two H + transport mechanisms; one is independent of, and the other is dependent upon, extracellular sodium. The dependence of the pH; recovery rate on [Na+]e is plotted in Fig. 4C . A half maximal rate occurs at about 28 mM external Nat, which is saturated at concentration above 100 mM Nat. To assess the role of Na +-H + antiport in the maintenance of pH; under a steady state condition in a HC03--free medium, we replaced [Na +]e with BDA + . The result was a reversible intracellular acidification (Fig. 4D) .
Effect of DCCD on pH; recovery from acid loaded PCD cells
To determine whether a plasma membrane proton ATPase participates in the pH; recovery from acid-loaded cells, PCD cells were treated with 1 mM DCCD, an inhibitor of plasma membrane proton ATPase. A representative experiment of the effect of DCCD on pH, recovery after NH4Cl acid loading is shown in Fig. 5 . Vol. 39, No. 3, 1989 Fig. 4. Effect of removal of extracellular sodium on pH, recovery after NH4C1 pulse. A: control. B: time course of pH; at reduced external Na+. BDA+ was used as a Na+ substitute. C: Na+ dependence of cell alkalization after acid loading. D: effect of Na + removal on resting pH; in the absence of HC03 -. Acidification induced by Na+ removal (replaced by BDA+) was observed. Readdition of Na+ induced a recovery of pH;. Values are mean ± S.E. (n = 4). The traces are representative of 4-5 similar experiments.
DCCD markedly inhibited the recovery of pH; (control: dpH = 0.093 ± 0.014 pH units/min; DCCD: dpH = 0.043 + 0.007 pH units/min, p <0.05, n = 3). After pretreatment with a combination of 1 mM DCCD and amiloride (1 mM), pH; recovery was inhibited nearly completely (control: dpH = 0.093 ± 0.014 pH units/min; DCCD + amiloride: dpH = 0.021 ±0.003 pH units/min, p < 0.05, n=3). The pH1 recovery rates after a combination of DCCD and amiloride exposure were significantly less than DCCD (DCCD: dpH = 0.043 ± 0.007 pH units/min; DCCD + amiloride: dpH = 0.021 ± 0.003 pH units/min, p <0.05, n =3) (Fig. 5 ).
Japanese Journal of Physiology Effect of ATP depletion on pH; recovery from acid loaded PCD cells A recent study has shown that the addition of KCN to rabbit medullary collecting duct cells in the absence of glucose rapidly depletes more than 90% of cellular ATP (ZEIDEL et al., 1986) . We therefore studied the effect of 2 m t KCN in glucose-free medium on pH; recovery after a NH4+ pulse. As shown in Fig. 6 p<0.02, n=4).
DISCUSSION
In most cells, intracellular pH is maintained at 6.9-7.5 (Rocs and BORON, 1981), well above the electrochemical equilibrium range of 6.0-6.5 predicted by the Nernst equation from the interior negative potential differences of 60-90 mV generated mainly by Na +-K + ATPase activity. Therefore each cell requires a mechanism for the uphill extrusion of H from the intracellular space. Such H + secretory mechanisms include Na + -H + exchanger and ATP-driven proton pump (Roos and BORON, 1981; IvEs and RECTOR, 1984; MAHNENSMITH and ARONSON, 1985; GRINSTEIN and ROTHSTEIN, 1986; SEIFER and ARONSON, 1986) .
We have examined pHi recovery and acid extrusion by cells of one such acid-secreting epithelium, the PCD cells of the rat, in order to determine the mechanisms which might account for proton transport in this segment. We utilized an entrapped pH-sensitive probe to examine the acid extrusion by monitoring the rate of change in the intracellular pH. We thought that this pH indicator would be useful for our studies because of the following characteristics; 1) pKa of 7.0 resulting in pH-sensitive range (6.4-7.6); 2) rapid indicator response to pH, change; 3) primarily restricted to the cytosolic compartment of the cell with a relative low leakage rate out of the cells; 4) excitation spectrum similar in the cell and in extracellular solution.
We found in preliminary studies that the excitation spectrum of BCECF entrapped within PCD cells was similar to that of BCECF in solution. The leak rate during the interval of any experimental conditions at 37°C was very low (Fig.  2A) . The calibration curves were highly consistent from monolayer to monolayer in that the relationship between F.I. and pHi was not significantly different among monolayers. Therefore we are able to measure pH i with a high degree of reproducibility and to utilize the rapid changes in pHi to determine kinetics of proton efflux.
Although in this study the actual value of pHi is less important than the changes observed during acid loading and, recovery, the value of 7.16 (n = 20) measured for PCD cells in a HC03 -free medium at external pH 7.40 is consistent with the resting pH i observed in various cell systems using a variety of methods (Roos and BORON, 1981) .
We have observed homogeneous polygonal shape and hemicysts in the cultured cells used in these experiments under a phase-contrast microscope (Fig. 1) . Previous study has reported the morphological and biochemical characterization of rat inner medullary tubule cells in culture (TEITELBAUM and BERL, 1986) . These cells maintained homogeneous polygonal shape and their polarity. The pattern of hormone response, with AVP-sensitive adenylate cyclase activity predominating, and only minimal response to other substances including parathyroid hormone, calcitonin, glucagon, or isoproterenol, was in keeping with that reported for individually dissected rat inner medullary collecting tubule (MOREL, 1981) . Furthermore, it is well known that the rat PCD consists of principal cells, and intercalated cells are not observed. Based on these observations, it is highly probable that the rat PCD cells in culture consist of principal cells in the current experiments. Although we have not studied these problems, a recent study has demonstrated that the cultured cells were principal cells rather than intercalated cells (KLEINMAN et al., 1987) .
Our results (shown in Fig. 4B ) reveal that two major processes are involved in cytoplasmic pH regulation in the absence of HCO3 -in PCD cells: a Na+-H + exchange and a plasma membrane proton ATPase. A recent study has also demonstrated that in culture, collecting duct principal cells possess at least two mechanisms for acid extrusion (KLEINMAN et al., 1987) . On the other hand, outer medullary collecting duct cell suspensions freshly isolated from rabbit kidneys failed to demonstrate Na + dependent of pH regulation in studies performed utilizing techniques similar to those used in the current experiments (ZEIDEL et al., 1986) .
Amiloride-sensitive Na+-H+ exchangers have been identified in a virtually important role in pH; regulation, in volume regulation, in the response to growth factors, and, in specialized epithelial cells, the intracellular transport of acid equivalents (GRINSTEIN and ROTHSTEIN, 1981; MAHNENSMITH and ARONSON, 1985; SEIFER and ARONSON, 1986) . The present studies demonstrate some of the kinetics characteristics of a Na+-H+ exchanger in PCD cells. The Na+-H+ exchanger is normally saturated with external Na+ (half maximal rate at 28 mM). Quantitatively similar characteristics have been described for the Na+-H+ exchanger in other mammalian cell types (MOOLENWAR et al., 1984; SELVAGGIO et al., 1986; TAKEDA et a!., 1987) . Especially, the value of Km in luminal-membrane vesicles from rabbit proximal convoluted and straight tubules was 29 mM (JACOBSEN et al., 1986) . In contrast, KLEINMAN et al. (1987) have revealed that the value of Km (46mM) was more than two fold higher than Km values of the current studies. The individual values of Km ranged from 9 to 115 mM; therefore, their data do not seem reliable enough.
The inhibitory effect of amiloride on pH; recovery has a rapid onset. The amiloride concentration of 50% inhibition (K05) is 100 µM in the current studies. LABELLE (1984) has revealed a I(5 value of 60 µM for amiloride in vesicles from rabbit medullary tissue. Although KLEINMAN et al. (1987) have demonstrated a K; value of 0.8 µM for 5-(N-ethyl-N-isopropyl) amiloride, this compound has been shown to be a 50 to 140 times more potent inhibitor for Na+-H+ exchange systems in a variety of tissues (VIGNE et al., 1983) . In addition, our results suggest that the effect of amiloride on Na+-H+ exchanger in PCD cells is quite different compared with other mammalian cells. Amiloride acts extracellulary, competing with Na+ for the same external binding site of the Na+-H+ exchanger. Therefore, the pH; has immediately recovered after the removal of amiloride in many mammalian cells, including human fibroblasts (MOOLENWAR et al., 1984) , vascular smooth muscle (TAKEDA et al., 1987) , and monkey kidney epithelial cells (BSC-1) (JENTSCH et al., 1986) , whereas in PCD cells in culture, immediate pH; recovery was not observed; however, the inhibitory effect of amiloride was not irreversible. The reason for the discrepancy between PCD cells and other mammalian cells is not yet known. Further studies are necessary to understand the characterization and function of Na +-H + exchanger in PCD cells. The role of Na +-H + exchanger on resting pH; is controversial. The present studies demonstrated that amiloride and the removal of external Na+ in resting condition had induced a gradual fall in pH; (Figs. 3D, 4D) . Although the exchangers appear to be less active under normal conditions than acid-loaded cells, the Na + -H + exchanger might contribute in a part to the regulation of resting pH; in HCO3 --free solution in PCD cells. In contrast, KLEINMAN et al. (1987) were unable to demonstrate significant Na +-H + exchange activity at resting state under similar experimental conditions. An ATP-driven proton pump has been described in toad urinary bladder (AL-AWQATI et al., 1977) , bovine renal medulla (CLUCKS and AL-AWQATI, 1984) , rat renal cortex and medulla, rabbit medullary collecting duct cells (LAsKI and KURTZMAN, 1983; LOMBARD et al., 1983; STONE et al., 1983; SABOLIC and BURCKHARDT, 1986; ZEIDEL et al., 1986) , and human renal medulla (DIAz-DIAz et al., 1986) . The characteristics of this proton pump have been characterized as follows: l) dependent on ATP; 2) electrogenic; 3) stimulated by anion; 4) insensitive to vanadate, ouabain, and oligomycin; and 5) inhibited by dicyclohexylcarbodiimide (DCCD) and sulfadyl agents. Our results have presented direct evidence for a role of such a palsma membrane proton ATPase in pH; regulation of PCD cells. We demonstrated that the recovery of pH; from acid loading is inhibited by exposing the cells to DCCD, a potent inhibitor of a plasma membrane proton ATPase (Fig. 5) and by the depletion of cellular ATP induced by exposing PCD cells to KCN in glucose-free medium (Fig.  6 ). In addition, the combined addition of DCCD and amiloride induced a synergistic inhibitory effect of pH; recovery from acid-loaded cells.
We are highly interested in the location of a Na +-H + exchanger and a plasma membrane proton ATPase, e.g. on the apical membrane or on the basolateral membrane. This location remains an important question to be resolved but it is very difficult to examine directly.
In summary, our results suggest that two major processes are involved in proton extrusion and cytoplasmic pH regulation in the absence of HCO3 -in rat cultured papillary collecting duct cells; Na +-H + exchanger and a plasma membrane proton ATPase may play an important role in urinary acidification and in cellular functions in this segment. 
